During the range expansions, hosts will encounter comparatively few familiar parasites and many novel parasites. This scenario might require adjustments in the nature of immune responses. Here, we investigated the costs of inflammation in sparrows invading Kenya.
Introduction
probably colonized around 1980 and is thus presumed to be of intermediate age. Nakuru (650km from Mombasa) is one of the most recently colonized cities in Kenya (~1990), yet also possesses a population dense enough to enable capture of sufficient individuals for study. To attempt to avoid confounds in site comparisons associated with timing of sampling, we conducted the project first in Nakuru followed by Mombasa and finally Nairobi.
We well recognize that the inclusion of only three populations in our study limits inference (because factors such as climate, elevation, parasite communities, and many other factors that differentiate sites could also impact immune costs and/or TLR-4 expression).
Nevertheless, we could not include additional populations and also ensure all measurements were made in under three weeks (to minimize any seasonal/climatic influences on results). The USF IACUC as well as the Kenya Wildlife Service approved all methods in advance; all sample transport, export and storage were in compliance with USDA-APHIS and Kenyan governmental requirements.
Study timeline:
Immediately upon capture in the field, birds were weighed (to 0.1g) and a small (~100ul) blood sample was taken from the brachial vein. This blood sample was later used to quantify TLR-4 expression, as captivity can affect expression of this gene in house sparrows (Martin et al. 2011) . Within a few hours thereafter, birds were placed individually into cages (~33 cm 3 ) where they were held for the duration of the study. Throughout captivity, animals were left undisturbed except at the time of measurements, and they were provided with ad libitum access to tap water (treated with an anti-coccidial medication) and a mix of sorghum and red and white millet, which they consumed readily. Climate conditions and lighting tracked ambient conditions. Trials began the night of capture (~2100h). Birds were randomly assigned to two cohorts due to limited respirometry equipment; one group was measured from 2100h until 0200h and the second was measured from 0200h until 0700h. For each cohort, an individual was placed singly into a respirometry chamber where it remained for 5h to obtain resting metabolic rate (RMR) estimates. In exploratory data analyses, we queried whether metabolic rate differed between cohorts, given that it was measured at a different time of night between cohorts.
As there was no detectable impact of cohort on MR, it was not included in the below analyses. After RMR measurements, birds were removed from chambers, injected with lipopolysaccharide (LPS), gavaged with 13 C-labeled leucine, weighed as above, and returned to their home cage. LPS was derived from Escherichia coli 055:B5 (Fisher L4005), maintained in silanized vials at ambient temperature prior to all injections, and was injected subcutaneously over the breast muscle (1 mg kg -1 in 100ul saline vehicle). Labeled leucine (20 mg of 13 C leucine, 99%; Cambridge Isotopes) was administered orally in 200ul peanut oil (McCue et al. 2011; Coon et al. 2014 ) within seconds of LPS injections. The next day, measurements occurred again following the same schedule, yet unlike the prior night, no new treatments (LPS or leucine) were made. The same approach was taken on a third night, and the morning of the fourth day, all birds were euthanatized via inhalation of isoflurane followed by rapid decapitation. Organs and trunk blood were collected and stored in a liquid-nitrogen charged dry-shipper until they reached the Martin lab in the US, at which time they were stored at -40 o C. Sham control individuals (those given only vehicle, not LPS)
were not included in the study due to equipment/time limitations.
Quantitative PCR (qPCR) for TLR-4 expression: We first extracted RNA from whole blood qPCR primers were designed using the zebra finch (Taeniopygia guttata) TLR-4 mRNA sequence in Genbank (Accession: NM_001142454.1). A six-point standard curve made from a homogenate of zebra finch splenic RNA (728, 227, 76, 24, 7 , 2 ng ul -1 ) was included on each plate, and all samples were run in duplicate.
Respirometry:
We used an open-flow push-through respirometry system to quantify the energetic costs of inflammation. First, we estimated baseline RMR on the first night after capture (prior to LPS exposure) and RMR again on the 2 subsequent nights, measuring consumption of O2 and production of CO2 each time. Birds were measured singly, and each chamber housing a bird was measured for a 20-min period followed by a 2-min pause to clear the system before shifting measurement to a different chamber. Each respirometry chamber received 600 ml min -1 ambient air allowing for constant flushing of chambers; a multiplexer (TR-RM8, Sable Systems, Las Vegas, NV) controlled the chamber measured by the O2 and CO2 analyzer (FoxBox, Sable Systems, Las Vegas, NV). Exiting air from chambers passed through a water vapor analyzer (RH-300, Sable Systems) before being scrubbed of water in a column of drierite. After scrubbing, CO2 concentration was measured. Following CO2 measurement, air was scrubbed of CO2 using ascarite and dried using drierite before passing through the O2 analyzer. A baseline chamber was analyzed for three minutes at the start and end of trials and between sampling of chambers 2 and 3, and 4 and 5. RMR was calculated as the minimum 10-min mean of O2 consumption for each individual. All birds were post-absorptive and inactive during measurements. Air temperature in each room was measured using two dataloggers (Hobo U-14) and varied between 29 and 31 o C, within thermoneutral conditions for this species.
C quantification:
We measured the nutritional costs of inflammation by assessing assimilation of a stable isotope-labeled amino acid, leucine, into livers and spleens. As in a previous study (Coon et al., 2014) , we interpreted high assimilation values as high nutritional costs of inflammation. Isotope levels in both tissue types were measured at the University of South Florida Stable Isotope Lab with a Thermo Fisher Scientific (Finnigan) Delta V 3 keV isotope ratio mass spectrometer (Thermo Scientific, Waltham, MA, USA).
Measurements were made following previously developed and validated methods for house sparrows (Coon et al. 2014) . Measured 13 C values were recorded as δ 13 CVPDB, which is the difference between the sample and an industry 13 C standard (Coon et al. 2014) .
Background (pre-capture, natural diet-associated) levels of 13 C in birds unexposed to
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isotopically-labeled leucine were also measured; the mean value for all unexposed individuals from a site was then subtracted from all treated individuals at that site. All such unexposed individuals were adults in visibly good health. We also captured and analyzed unexposed individuals from each study site in case background isotope conditions varied among them.
Reactive oxygen metabolites:
We measured collateral damage costs of inflammation in the form of reactive oxygen metabolites (ROMs) from blood using the d-ROMs test (Diacron International, Grosseto, Italy). This assay quantifies hydroperoxides, compounds that signal lipid and protein oxidative damage (Treidel et al. 2013) ; more ROMs are indicative of more oxidative activity in tissues and thus greater costs of inflammation. We optimized the assay by running dilution series on 10 individual house sparrow plasma samples and chose a dilution that fell at the midpoint between the calibrator and blank samples. Briefly, we diluted 1 l of plasma in 200 l of the provided acidic buffer solution, and then read the plate (at 490nm on a BioTek ELx800, VT, USA) kinetically for 30 minutes (1x min -1 ). We then calculated the rates of reaction for the calibrator (provided by the manufacturer), a blank, and each sample. ROMs concentration (in mM of H2O2 equivalents) was calculated by subtracting the blank from both the calibrator and sample values and then dividing the sample by the calibrator and multiplying by the concentration of the calibrator. All analyses were run in duplicate, and the intra-and inter-assay coefficients of variation were 6.5% and 7.8%, respectively.
Total antioxidant capacity:
We also measured a potential mitigator of collateral damage, total plasma antioxidant capacity (TAC), using the OXY-Adsorbent test (Diacron International, Grosseto, Italy). This assay measures the effectiveness of the blood antioxidant barrier to cope with oxidant action of hypochlorous acid (HClO) (Treidel et al. 2013 ); more TAC was interpreted to indicate more protection against collateral damage.
We optimized the assay for Kenyan house sparrows by running dilution series on 10 individual Kenyan house sparrow plasma samples, choosing a dilution for subsequent assays that fell at the midpoint between the calibrator and blank samples. We diluted 10 l plasma in 990 l of distilled water and mixed 5 l of this diluted plasma with 195 l of the provided HClO solution. Absorbance was measured at 490nm (BioTek ELx800), and we
Nutritional costs of inflammation:
Exogenous, isotopically-labeled leucine significantly enriched organs beyond background levels (treated versus control sparrows: F1,84 = 40.5 P = <0.001), but these effects did not differ by organ (organ x treatment: F 1,84 = 0.05 P = 0.82). In terms of nutritional costs of inflammation, dfM was positively predictive of leucine assimilation into lymphoid tissues (F1,65 = 9.0 P = 0.004, Fig. 3 ). Neither TLR-4 expression (F1,65 = 0.09 P = 0.76), nor organ mass (F1,65 = 0.12 P = 0.29,), nor organ type (F1,65 = 0.86 P = 0.36), affected nutritional costs, however.
Collateral damage costs (ROM) and mitigation (TAC):
Our surrogate for collateral damage (ROM) increased in response to LPS exposure (β: 0.1 +/-0.05; F1,33.2 = 4.7, P = 0.04), but this effect varied among populations (dfM x time: F1,,32.8 = 6.3, P = 0.02). ROM declined in range-edge birds after LPS exposure whereas ROM tended to remain stable in the other two populations ( Importantly, we detected a significant negative relationship (r = -0.55 P = 0.001) between delta TAC (TAC 1 day post-LPS -TAC the day prior to LPS) and delta ROM (ROM 1 day post-LPS -ROM the day prior to LPS; Fig. 4C ).
Integrated costs of inflammation:
A PCA indicated that two principal components captured 63% of the total variation in inflammatory costs (or mitigators thereof) among individuals. PC1 explained 37.5% of this variation and was strongly related to collateral damage (delta ROM, r = -0.86) and mitigation (delta TAC, r = 0.78) factors. PC2 explained an additional 26.0% of the variation, mostly capturing energetic (r = 0.83) and nutritional (r = 0.56) costs. Individual variation in collateral damage costs (PC1 scores) were predicted by dfM (F1,23 = 6.0, P = 0.02), but not
The role of TLR-4 expression in the Kenya house sparrow expansion:
We expected birds at the range-edge to express high TLR-4, as we have observed twice previously Martin, Liebl & Kilvitis 2014) (Quéméré et al. 2015) .
In that system, there was some evidence for selection over the course of a range expansion. An altogether different perspective for our data, then, is that neutral population- A second possible explanation for inter-study inconsistency in TLR-4 expression involves plasticity, either adaptive or maladaptive (Ghalambor et al. 2007) . A similar argument was offered to explain the high incidence of spinal arthritis in cane toads at the margins of the Australian invasion (Brown et al. 2007) . From this perspective, inconsistency in TLR-4 expression among our studies might represent plastic changes in the defense portfolio of birds driven by differences in the local conditions they encounter (Gervasi et al.; Gervasi et al. 2015) . One potentially strong driver could be a parasite that altered gene expression patterns (Charbonnel & Cosson 2012) . Many domestic rodents alter TLR expression in response to microbes, viruses, or other stimuli (Galic et al. 2009) , and even in Kenyan house sparrows, TLR-4 expression in circulating leukocytes can increase 3-fold in just 4h post-LPS (Martin et al. 2011) . In three-spine sticklebacks (Gasterosteus aculeatus), immune gene expression profiles of fish transplanted from one lake to another converged Journal of Experimental Biology • Advance article on the profile of the transplanted lake within a few months (Stutz et al. 2015) . In the future, we plan to assess the relevance of lability of TLR-4 expression in Kenya, but samples here were not prepared in the manner necessary to identify the microbes most likely to affect variation in TLR-4 expression.
Individual predictors of inflammation costs:
Principal components analysis indicated that TLR-4 expression was related to commodity costs at the level of individuals, but in the opposite direction initially predicted: high TLR-4 expression was associated with low energetic and nutrient costs. Because we used LPS to incite inflammation, we cannot resolve whether/how these costs relate to infection control, nor can we determine whether measured costs translate to (fitness) costs of ecological significance. Nevertheless, our work hints that intermediate levels of resource expenditure might be most favorable for animals (Long & Graham 2011; Adelman 2014) , enough of an investment to limit infection but not so much as to require trade-offs with other traits. Finally, an unexpected discovery offers additional insight to the importance of the energetic costs of inflammation at the level of individuals. Resting metabolic rate (RMR) was inversely correlated to changes in RMR after LPS exposure among individuals.
Subsequently, the higher RMRs of range-edge birds might cap the magnitude of induced defenses or at least their costs. A similar pattern of high RMR at a range-edge was found before in Australian cane toads (Llewellyn et al. 2012) and was argued to arise because of an 'Olympic village' effect. At range-edges, strong selection for rapid maturation and prolific breeding may lead to dominance of individuals with particular life histories (Moreau et al. 
